Both the enantiomers as well as the racemate of 3-butyl-7-hydroxyphthalide (1) were synthesized, and the absolute conˆguration of the naturally occurring (-)-1 (a weakly cytotoxic metabolite of Penicillium vulpinum) was identiˆed as S.
Key words: asymmetric dihydroxylation; cytotoxic compound; Penicillium vulpinum; phthalide Lactones are known to show diverse biological activities as hormones, pheromones, and antibiotics. In continuation of our work to synthesize bioactive lactones of microbial origin, 1) we became interested in synthesizing 3-butyl-7-hydroxyphthalide (1, Scheme 1), the (-)-enantiomer of which was isolated in 1998 as a weakly cytotoxic (against L 1210 leukemic cells) metabolite of the fungus Penicillium vulpinum.
2) Since the absolute conˆguration of (-)-1 was unknown, our synthesis was designed to solve that problem. This paper reports our conclusion that (-)-1 is the (S )-isomer.
Results and Discussion
Prior to the synthesis of the enantiomers of 1, (±)-1 was prepared as shown in Scheme 1 so as to verify the correctness of the proposed structure. N,N-Diethylamide 2 was treated with sec-butyllithium in the presence of N,N,N?,N?-tetramethylethylenediamine (TMEDA) in THF to eŠect ortho lithiation according to Snieckus. 3, 4) The generated anion was quenched with pentanal to give a mixture of (±)-3 and (±)-4. Treatment of this crude mixture with hot hydrobromic acid in acetic acid furnished (±)-3-butyl-7-hydroxyphthalide (1), mp 59-609 C, in a 68z yield based on 2. Its 1 H-and 13 C-NMR spectra were in good agreement with those reported for (-)-1.
2) The structure 1 proposed by Fujimoto and co-workers 2) was thus veriˆed, and we proceeded to the next stage, to synthesize both the enantiomers of 1.
Scheme 2 summarizes the synthesis of (＋)-and (-)-1. Sharpless asymmetric dihydroxylation 5) was used as the key step to introduce the chiral center of 1. Methyl 2,6-dihydroxybenzoate (5) 6) was treated with 1 eq. of benzyl bromide in the presence of potassium carbonate and sodium iodide in N,N-dimethylformamide (DMF) to give a mixture of the starting material 5 (25z), the desired monobenzyl ether 6 (48z), and dibenzyl ether 7 (24z), which could be separated by silica gel chromatography. Hydrogenolysis of 7 over palladium-carbon regenerated the start-ing material 5, which could be recycled. Treatment of 6 with tri‰ic anhydride (Tf2O) and pyridine gave tri‰ate 8, which was subjected to Suzuki-Miyaura coupling 7) with ( E )-1-penteneboronic acid 8) in the presence of tetrakis(triphenylphosphine)palladium (0) to aŠord 9 in a 99z yield based on 6.
Asymmetric dihydroxylation of 9 with ADmix-b } 5) furnished nicely crystalline hydroxylactone (3R, 1?R )-10, mp 104-1059 C, in a 92z yield, whose enantiomeric purity was À99z e.e. as checked by HPLC analysis on Daicel's Chiralcel } OD. Removal of the hydroxy group of 10 at C-1? was executed by Barton's radical deoxygenation via thiocarbonyl derivative (3R, 1?R )-11. 9, 10) Accordingly, (3R, 1?R )-11 was treated with tri(n-butyl)tin hydride in the presence of 2,2-azobis(isobutyronitrile) (AIBN) to give (S )-12 in an 80z yield. At this stage, partial racemization took place, and the enantiomeric purity of (S )-12 was 74z e.e. Finally, debenzylation of (S )-12 was done by hydrogenolysis over Pearlman's palladium hydroxide catalyst to furnish the desired (S )-1 (41z yield, after recrystallization), mp 47.5-48.59 C, of À99.5z e.e. The overall yield of (S )-1 was 14z based on 5 (7 steps). Similarly, asymmetric dihydroxylation of 9 with AD-mix-b } 5) gave (3S, 1?S )-10, which was converted to (R)-1, mp 47.5-48.59 C. It should be added that our attempt to convert (3R, 1?R )-10 to the corresponding xanthate ester met with failure, and only the dehydration product A could be isolated.
Optical rotations of the synthetic enantiomers of 1 were found to be as follows: ( . The absolute conˆguration of the naturally occurring (-)-3-butyl-7-hydroxyphthalide (1) was therefore established as S, basing on the well-studied stereochemical outcome of the Sharpless asymmetric dihydroxylation.
5)

Experimental
Melting point (mp) data were measured with a Yanaco MP-S3 instrument. IR spectra were measured with a Jasco FT W IR-410 spectrometer.
1 H-NMR spectra were recorded at 400 MHz with a Jeol JNM-LA400 spectrometer and at 500 MHz with a Jeol JNM-LA500 spectrometer. The peak for TMS (at d ＝0.00) was used for the internal standard. 13 C-NMR were recorded at 100 MHz with a Jeol JNM-LA400 spectrometer and at 126 MHz with a Jeol JNM-LA500 spectrometer. The peak for CDCl3 (at d＝ 77.0) was used for the internal standard. Optical rotation was measured with a Jasco P-1010 polarimeter. EI-MS spectra were recorded with a Jeol JMS-AX505HA spectrometer. Column chromatography was done with Merck Kieselgel 60 Art 1.07734. TLC analyses were done with Merck silica gel plates 60F-254.
Under an Ar atmosphere, to a solution of 1.0 M sec-butyllithium in hexane-cyclohexane (64 ml, 64 mmol) and TMEDA (9.81 ml, 65.0 mmol) in THF (300 ml) was added dropwise a solution of 2 (10.4 g, 50.0 mmol) in THF (30 ml) at -789 C, and the mixture was stirred for 1.5 h. The mixture was warmed to -409 C, and then pentanal (7.35 ml, 70.0 mmol) was added. It was warmed to room temperature, and stirred for 6 h. After acidiˆcation with 1 M HCl aq. (20 ml), the solvent was removed in vacuo. The residue was diluted with EtOAc. The organic solution was successively washed with water and brine, dried with MgSO 4 , and concentrated in vacuo. The residue (3 and Methyl 2-Benzyloxy-6-hydroxybenzoate (6) and Methyl 2,6-Dibenzyloxybenzoate (7): To a suspension of 5 (13.5 g, 80.0 mmol), K 2 CO 3 (11.1 g, 80.0 mmol) and NaI (4.00 g, 26.7 mmol) in DMF (20 ml) was added benzyl bromide (9.69 ml, 81.6 mmol), and the mixture was stirred for 30 min at 09 C and for 4 h at room temperature. The mixture was acidiˆed with 6 M HCl aq., and extracted with EtOAc. The organic layer was successively washed with water and brine, dried with MgSO4, and concentrated in vacuo. The residue was chromatographed on silica gel (600 g, eluted with hexane-EtOAc) and the solid fractions were recrystallized from hexane to give 6 (9.82 g, 48z) and 7 (6.56 g, 24z) each as colorless needles, and then the recovered starting material 5 (3.38 g, 25z Debenzylation of 7: Pd on carbon (10z, 1.06 g) was added to a solution of 7 (1.74 g, 5.00 mmol) in EtOAc (20 ml), and stirred under H2 for 30 min. The mixture wasˆltered through Celite and the solvent was removed in vacuo. The residue was chromatographed on silica gel (15 g, eluted with hexaneEtOAc) to give 5 (824 mg, 98z) as colorless needles.
Methyl 2-(E)-1-Pentenyl-6-benzyloxybenzoate (9): Under Ar atmosphere, Tf2O (984 ml, 6.00 mmol) was added to a solution of 6 (1.29 g, 5.00 mmol) in pyridine (5 ml) at 09 C, and the mixture was stirred for 2 h. The mixture was diluted with EtOAc and successively washed with water, sat. CuSO 4 aq., water, and brine. The organic layer was dried with MgSO4, and concentrated in vacuo. The residue 8 was dissolved in benzene (15 ml) and ethanol (3 ml), and then ( E )-1-penteneboronic acid 8) (798 mg, 7.00 mmol), K 2 CO 3 (1.38 g, 10.0 mmol), and Pd(PPh 3 ) 4 (116 mg, 0.100 mmol) were added. Under an Ar atmosphere, the mixture was re‰uxed for 14 h. This mixture was diluted with EtOAc, and successively washed with 1 M NaOH aq., water and brine. The organic layer was dried with MgSO 4 and concentrated in vacuo. The residue was chromatographed on silica gel (35 g, eluted with hexane-EtOAc) to give 9 (1.55 g, 99z) as a colorless oil, nD 25 1.5686. IR nmax (ˆlm) cm .00 mmol) in tertBuOH (20 ml) and water (20 ml) was stirred for 30 min at 09 C. Alkene 9 (1.55 g, 5.00 mmol) was added to the mixture, and the mixture was stirred for 87 h at 49 C. Then Na2SO3 (7.56 g, 60 mmol) was added, and the mixture was stirred for 1 h at room temperature. This was diluted with EtOAc and successively washed with water and brine, dried with MgSO4, and concentrated in vacuo. The residue was chromatographed on silica gel (50 g; hexane-EtOAc) to give (3R, 1?R )-10 (1.44 g, 92z), which was puri- (951 mg, 10.0 mmol) in tert-BuOH (40 ml) and water (40 ml) was stirred for 30 min at 09 C. Alkene 9 (3.09 g, 10.0 mmol) was added to the mixture and the mixture was stirred for 87 h at 49 C. Then Na2SO3 (15.1 g, 120 mmol) was added, and the mixture was stirred for 1 h at room temperature. This mixture was diluted with EtOAc and successively washed with water and brine, dried with MgSO 4 , and concentrated in vacuo. The residue was chromatographed on silica gel (120 g; hexane-EtOAc) to give (3S, 1?S )-10 (2.85 g, 91z), which was puriˆed by recrystallization from hexane-EtOAc to give (3S, 1?S )-10. The enantiomeric purity of the resulting (3S, 1?S )-10 was shown to be À99z e. 
